Though defects are invariably present in as-grown and purified carbon nanotubes (NTs), spectroscopic properties of defects in NTs have not been established yet. In this work, singe walled (SW) and multiwalled (MW) carbon nanotubes (NTs) grown by chemical vapor deposition have been studied by high resolution transmission electron microscopy (HRTEM), Raman scattering and photoluminescence (PL), electron spin resonance (ESR) and thermo gravometric (TGA) analysis. Raman spectra of both SWNT and MWNT show additional features in the frequency range intermediate between 600-1300 cm −1 and 1700-2600 cm −1 , in addition to well-known radial breathing modes, D-and G-bands. Room temperature PL studies show two broad but distinct peaks centered at ∼2.05 eV and ∼2.33 eV, for both SWNT and MWNT samples. TGA analysis shows very low impurity content in MWNT sample as compared to the SWNT sample. HRTEM analysis reveals various kinds of structural defects in nanotube wall. With the help of HRTEM and ESR studies, we argue that the intermediate frequency Raman modes and the visible PL from the pristine NTs are definite signatures of structural defects in the nanotubes.
INTRODUCTION
Carbon nanotubes (CNTs) have numerous potential applications as nano-electronic and nanophotonic devices. [1] [2] [3] Various kinds of defects and impurities in the as-grown and purified or processed CNTs alter the band structure in different ways 4 limiting applications of CNTs as devices. Different growth conditions under different growth techniques and post growth purification process give rise of various kinds of defects like point defects (vacancy and interstitial defects), strain, adatoms, petagonheptagon pairs, petagon-octagon-pentagon pairs etc in the NT walls and tips. Understanding of contribution of various kind of defects in nanotube structure can give a pathway for controlled modification of nanotube through processes like functionalization, ion-implantation, electron-irradiation, laser heating etc for tuning their electronic and optical properties. Impurities such as hydrogen and nitrogen have been found to modify the band structure of CNTs. 5 Structural defects in nanotubes have been recently identified by STM and HRTEM imaging. 6 7 However, optical properties of defects in NTs are not studied much.
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Intermediate frequency modes in Raman spectra have been recently ascribed to phonon density of states introduced by defects created by ion irradiation. 9 10 There has been debate regarding the origin of visible PL from CNTs. Some considers the chemical modification to be responsible for it, 11 while other consider that the carbon nanoparticle are responsible for the light emission. 12 A recent report suggests metal semiconductor transition in composites of carbon nanotubes with noble metal nanoparticles are responsible for visible light emission. 13 It was also suggested that the metal nanoparticle binding increases the defects in the nanotube structure. 13 However, the role of these defects in the visible PL was not understood clearly. Hence, it is imperative to understand the specific role of defects in the optical properties of CNTs.
In this work, we have studied structural and optical properties of SWNT and MWNT grown by CVD and attempt to elucidate the optical signature of structural defects in the nanotubes. Results of Raman and PL studies on nanotubes with different diameter and impurity content are correlated with the HRTEM, TGA and ESR studies. We focus on the origin of visible photoluminescence from SWNT and MWNTs and critically assess the role of metal catalysts, amorphous carbon and carbon nanoparticles in the visible PL. We argue that IFM Raman modes and visible PL are specific signatures of structural defects in the CNTs.
EXPERIMENTAL DETAILS
SWNTs and MWNTs of various diameters and length were procured from Shenzhen Nanotech, China. These nanotubes were grown by chemical vapor deposition (CVD) with metal catalyst particles and purified through standard acid treatment. The quality of the nanotubes was primarily assessed through HRTEM, TGA and Raman studies. Raman studies show very large ratio of G/D band intensity and TGA shows negligible content of metal catalyst in MWNT as compared to the SWNTs. We have done our studies on altogether 18 samples. It consisted of two Single walled nanotubes, one double walled nanotube and fifteen multiwalled nanotubes out of which two were aligned nanotube samples. Nanotubes used for the study were basically of two length ranges 1-2 m and 5-15 m. We will present results for one SWNT sample and two MWNT samples-one with extremely low metal content denoted as MWNT2 and one with relatively higher metal catalyst content denoted as MWNT1. The structure and morphology of these samples are studied using scanning electron microscope with an energy dispersive X-ray (EDX) attachment (model LEO 1430VP), and ultra high resolution (HR) TEM (JEOL-2010). Raman spectra were recorded in the backscattering geometry using a 488 nm Ar laser beam, single grating monochromator and a cooled CCD detector. PL measurements were performed with 488 nm laser excitation and emission signal was detected using the same spectrometer. ESR measurements were performed at room temperature using a commercial ESR spectrometer (JEOL, JES-FA200). TGA measurements were performed with a commercial apparatus (Metler-Teledo TGA-1100) with a heating rate of 5 C/min under standard air flow. 14 Intensity ratio of G band to D band is usually considered as a measure of purity of the samples. We find a G/D ratio of ∼10 in SWNT samples. This is indicative of non-negligible content of disorder in nanotubes samples. Further, the presence of carbonaceous impurities, residual metal catalysts used during CVD growth of nanotubes and structural defects introduced during standard acid purification process are expected. In MWNTs, the G band is relatively weak and thus the G/D ratio is very low. Deconvolution of the experimental spectra shows that the dominant IFM modes for SWNTs are at 743.5, 800.9, 869.8, 928.1, and 988.9 cm −1 , while that of MWNTs are at 676.6, 770.0, 936.9, and 1004.9 cm −1 , besides the common broad IFM feature in the range 387-520 cm −1 . For MWNTs, the IFM modes are relatively broad and mode frequencies are different from that of SWNTs. In SWNT, the RBMs are relatively weak indicating low content of SWNT in the sample. This is in agreement with the HRTEM analysis. In SWNTs, the observed G band at 1568 cm −1 is close to the G − band reported in the literature, 14 and this is attributed to the in plane vibration of the C-atoms along the circumferential direction. The relative intensity of G, D band and RBM modes indicates that SWNT samples have higher percentage of semiconducting nanotubes compared to metallic nanotubes. 14 Figure 2 (a) shows the extended range Raman spectra for a different MWNT sample (MWNT2), where the metal catalyst content is extremely low (as evidenced from TGA analysis shown later). We observe G mode (overtone of D band) and 2LO modes at ∼2674 cm −1 and ∼2927 cm −1 , respectively and additional new modes at ∼2417 cm −1 and ∼2135 cm −1 . Figure 2(b) shows the Anti-stokes Raman spectra showing G − band at ∼1573 cm −1 and two IFM modes at ∼935 cm −1 and ∼805 cm −1 , and a weak band at ∼2100. Thus, the IFM modes and the additional modes at higher frequency are present both in Stokes and Antistokes Raman spectra and characteristics of the nanotubes structure.
RESULTS AND DISCUSSION
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Optical Signature of Structural Defects in Single Walled and Multiwalled Carbon Nanotubes In the literature, some of the IFM modes have been attributed to the combination of two phonons that originate from a zone-folding procedure of two 2D phonon branches, one optical (O) and one acoustic (A). 15 However, recent studies have attributed the IFM modes to defects at the nanotubes walls. 9 10 Since the IFM frequencies are quite different in SWNT and MWNT samples, the intensity of the IFM modes are stronger than D-band in these sample, and the peaks are broad, these peaks are more likely to be related to structural defects in the nanotubes. Figure 2 shows typical HRTEM images of some of the samples studied in this work. Figure 3(a) show a nearly perfect SWNT of diameter 0.5 nm without any visible defect, while Figure 3(b) show a typical defective SWNT with a topological defect such as kinks at the tube wall (shown with arrow mark). These kinks are possibly well known Stones-Walls type defects. The different bent angles require various member rings. Sharp bents is only possible with tetragonal rings or vacancy, whereas low curvature bent nanotubes will consist of pentagon-heptagon pairs with varying separation distance, or pentagonoctagon-pentagon pairs. Figure 3 (c) depicts presence of defects/damage at the outer wall of a MWNT, typically caused by acid purification process, while Figure 3(d) shows a vacancy or hole type defect at the inner wall of the MWNT. Figure 3 (e) shows bents at different angle in the MWNT, requiring pentagon-heptagon rings and pentagonoctagon-pentagon ring type of defects at the nanotubes wall. The sharp bent in the tube wall indicate presence of tetragon rings of atoms. Figures 3(f and g) show various forms of structural defects inside the MWNTs, while Figure 3 (h) shows that nanoonions are also present in these samples. We find that in SWNT sample the percentage of single walled tubes are low as compared to the multiwalled tubes. Thus, besides the disordered carbon atoms, the structural defects are present in the nanotubes walls as revealed by HRTEM analysis. Figure 4 shows the PL spectra recorded at room temperature on SWNT and MWNT1. We have recorded emission spectra only in the visible range of energy. The spectra show that besides the sharp peaks due to phonon modes (Raman) near 2.4 eV, both the samples show two broad PL emission peaks in the visible region. For SWNTs the peaks are centered at 2.33 eV and 2.05 eV with full width at half maximum (FWHM) of about 0.22 eV and 0.40 eV, respectively. In MWNT, PL emission peaks are centered at 2.34 and 2.05 eV with FWHM of 0.25 eV and 0.25 eV, respectively. These emission bands are far beyond the fundamental gaps of the semiconducting CNTs. Further, it is well known that aggregation of nanotubes into bundles otherwise quenches the PL emission through interaction with metallic tubes and substantially broadens the absorption spectra. Only the spectroscopy of isolated individual nanotubes gives rise to the expected band gap fluorescence from the semiconducting SWNTs. In MWNTs such emission is not efficient due to the large outer diameter of the nanotubes.
In order to understand the role of metallic impurities in the visible PL, we studied the samples using TGA analysis. Figure 5(a) shows the TGA and differentiated TGA curves for SWNT sample where residual impurity (metal) content is found to be 9.3% and Figure 5 very low content of amorphous carbon particle as revealed from a peak at ∼260 C in the DTGA data. The strongest peak in the DTGA curve is at 448 C, 574 C and 639 C for SWNT, MWNT1 and MWNT2, respectively. The low temperature of burning of SWNTs is strongly indicative of defects in the nanotubes structure. MWNTs show relatively higher burning temperature depending on the metal content. Our results show that one with least metal content has highest burning temperature. The higher temperature small peaks at 515 C and 602 C are perhaps related to the burning of nanoonions.
The effect of defects and metal content in the nanotubes were further assessed with ESR studies. ESR measurements are sensitive to metallic impurities and dangling bond defects. Figure 6 show the ESR spectra for one SWNT and two MWNT samples. Both the SWNT and MWNT1 samples show almost identically broad spectra as shown in Figure 6(a) . However, MWNT2 sample that contain almost negligible metal content show additional sharp feature (as shown in inset of Fig. 6(b) ) besides the broad feature in the ESR data (Fig. 6(b) ). The 'g' values are obtained from Lorentzian lineshape fitting of experimental data. For SWNT, the calculated 'g' values are 2.0129 and 3.0879, while that of MWNT1 is 2.0219 and 3.5133. In MWNT2, the sharp feature has a 'g' value of 2.0013, which is very close to the free electron 'g' value. We also find through Lorentzian fit that the line width of the ESR spectrum of MWNT1 is higher than that of SWNT, despite presence of lower metallic content in the MWNTs. Although broad line shape in ESR spectra of CNTs has usually been correlated to the presence of metal catalysts, 16 we do not find a direct correlation of line width with metal content. Note that our energy dispersive X-ray analysis has revealed presence of Fe in MWNT sample and Co and Mo for SWNT sample. We believe that the defects in the nanotubes significantly contribute to the broad line shape of ESR spectra and modify the 'g' values depending on the type of defects present. The high 'g' value > 3 0 is attributed to magnetic impurities present in the samples. The 'g' value of ∼2.01-2.02 is assigned to the interaction between the conducting electrons in the nanotubes trapped at defects or magnetic ions site. The more the deviation from the free electron 'g' value, the more is the localization by defects.
With these observations, we would like to now address on the origin of the visible PL from both SWNT and MWNTs. Note that visible luminescence background has been found in several Raman studies reported earlier, though it has not been addressed properly in the literature. For example, Jorio et al. observed strong visible luminescence background above 1800 cm −1 in their Raman spectra. 17 Hence, our results are not particular to these samples, but it bears a generality to other nanotube samples with controlled or well-defined defects. The fact that PL features are identical in two different samples with different metallic content and different amorphous carbon content (as revealed from TGA analysis), the contribution of metallic impurity and carbon nanoparticles are ruled out as the possible origin of visible PL. In fact, it is well known that Fe, Co, Mo are good quenchers of PL in luminescent dyes, luminescent nanoparticles. Hence, any role of catalyst residues for the visible PL is completely ruled out. On the other hand, the additional IFM Raman modes, new Raman modes of Figure 2 (a) and low temperature peak in the DTGA (448 C for SWNT and 574 C for MWNT1) are strong indicators of involvement of structural defects in the visible PL. Defective nanotubes are known to burn out at a lower temperature as compared to the pure nanotubes. HRTEM results clearly showed varieties of structural defects in the nanotube walls. Theoretical predictions suggest that the observed high frequency Raman modes are signature of pentagon defects in the bent nanotubes. 8 Band gap emission in the near IR range has been observed in SWNTs by several groups. 18 19 Efficient visible PL from very small diameter carbon nanotubes in zeolite template has been explained on the basis of dipole allowed transitions and photon emission. 20 However, higher energy emission at 2.6 eV has been attributed to nitrogen-defect states in the nanotubes. Polarized optical absorption spectra of single-walled 0.4 nm carbon nanotubes have shown 2.1 eV absorption band, which was attributed to dipole transitions between the Van Hove singularities. 20 Strain induced band gap change of CNTs due to hydrogenation or chlorination has been reported. 5 It is very likely that due to the large amount of defects in the nanotubes, these defects break the symmetry of the tube, leading to repulsion between crossing bands and thereby creating higher gaps. The presence of defects and impurities may change the local structure of the nanotubes and affect the optical properties. Thus band gap opening is quite likely from the defective nanotubes and it may extend to visible region of energy. A very large line width of the PL spectra is also typical of emission from extended defect states with a broad distribution of energies. Due to bundling of the nanotubes, the efficiency of radiative emission from the defect states is low at room temperature and thus low intensity of PL is observed.
CONCLUSIONS
In conclusion, Raman scattering studies on SWNTs and MWNTs grown by CVD method show new IFM modes and additional feature that are signature of structural defects in the nanotubes. HRTEM studies reveal varieties of structural defects in the nanotubes wall. Room temperature PL studies show two broad PL peaks centered at ∼2.05 and ∼2.33 eV for both the samples. TGA and ESR studies show that visible PL cannot be related to presence of metallic impurities and amorphous carbon nanoparticles. Our results strongly indicate that structural defects in the nanotubes are responsible for the broad visible PL at room temperature and the IFM modes are related to the structural defects in the nanotubes.
